The biological roles of the intestinal microbiome and how it is impacted by environmental 23
between these locations was previously observed based on 16S rRNA amplicon sequencing 128 (Riiser et al., 2018) , providing an opportunity to test the enhanced resolution of shotgun 129 metagenomics in a spatial and environmental context. First, we compare the genome-wide 130 taxonomic composition and diversity based on metagenomic shotgun sequencing to that of the 131 hindgut (immediately above the short, wider rectal chamber) was aseptically removed post-143 mortem by scalpel and stored on 70% ethanol. The samples were frozen (-20°C) for long-term 144 storage. Relevant metadata such as length, weight, sex and maturity were registered. Age was 145 determined by studying otoliths. Although different individuals were used here, these were 146 collected on the same time and location as the fish used in a previous 16S rRNA-based study 147 (Riiser et al., 2018) . We always strive to reduce the impact of our sampling needs on 148 populations and individuals. Therefore, samples were obtained as a byproduct of conventional 149 business practice. Specimens were caught by commercial vessels, euthanized by local 150 fishermen and were intended for human consumption. Samples were taken post-mortem and no 151 scientific experiments have been performed on live animals. This sampling follows the 152 guidelines set by the "Norwegian consensus platform for replacement, reduction and refinement 153 of animal experiments" (Norecopa) and does not fall under any specific legislation in Norway, 154 requiring no formal ethics approval. 155
Sample preparation and DNA extraction 156
Intestinal samples were split open lengthwise, before the combined gut content and mucosa was 157 gently removed using a sterile disposable spatula. Each individual sample was washed in 500 158 μl 100% EtOH and centrifuged before the ethanol was allowed to evaporate, after which dry 159 weight was measured before proceeding to DNA extraction. DNA was extracted from between 160 < 10 and 300 mg dry weight of gut content using the MoBio Powersoil HTP 96 Soil DNA 161 Isolation Kit (Qiagen, Valencia, CA, USA) according to the DNA extraction protocol (v. 4.13) 162 utilized by the Earth Microbiome Project (Gilbert et al., 2010) . DNA was eluted in 100 μl 163 Elution buffer, and stored at -20° Celsius. Due to high methodological consistency between 164 biological replicates in previous experiments, only one sample was collected per fish (Riiser et 165 al., 2018) . 166
Sequence data generation and filtering 167
Quality and quantity of the DNA was measured using a Qubit fluorometer (Life Technologies, 168 Carlsbad, CA, USA), and normalized by dilution. DNA libraries were prepared using the Kapa 169
HyperPlus kit (Roche Sequencing, Pleasanton, CA, USA) and paired-end sequenced (2x125 170 base pairs) on an Illumina HiSeq2500 using the HiSeq SBS V4 chemistry with dual-indexing 171 in two independent sequencing runs. Read qualities were assessed using FastQC (Andrews, classified, of which 96% at the order level (Table S12 ). The community profiles, based on non-299 normalized read counts, show a large overlap when clustering individuals from Lofoten and 300 Sørøya using multivariate non-metric multidimensional scaling (NMDS, Fig. 1b ). The Atlantic 301 cod intestinal microbiome is numerically dominated by bacteria of the order Vibrionales, which 302 has a mean relative abundance of 81.8% and represents > 76% of the reads in all except four 303 individuals ( Fig. 2a , Table 2 ). In relative abundance, this order is followed by Alteromonadales 304 (3.6%), Fusobacteriales (3.1%), Clostridiales (2.9%) and Bacteroidales (1.7%). In total, the 305 five orders with highest relative abundance constitute 94% of all classified sequences. A 16S 306 rRNA-based analysis from the same locations shows that Vibrionales are the most abundant, 307 followed by Fusobacteriales, Clostridiales, Bacteroidales and Alteromonadales (Fig. 2b , Table  308 2, reproduced from Riiser et al., 2018) . A statistical comparison detects significant differences 309 in the classification of the Atlantic cod intestinal microbiome comparing metagenomic shotgun 310 sequencing to 16S rRNA-based analysis (ANOVA for compositional data, p = 10 -10 ). In 311 particular, the Fusobacteriales have a mean relative abundance of 17.1% in the 16S rRNA-312 based analysis vs. 3.1% in the metagenomic shotgun sequencing (Table 2) . Overall, geographic 313 location has no significant effect on the composition of the Atlantic cod intestinal microbiome 314 (ANOVA for compositional data, p = 0.58) for either the metagenomic shotgun sequencing or 315 16S rRNA-based classification. 316
The individual samples vary in diversity estimated by Shannon (H), Simpson (D) and 317
Inverse Simpson (1/D) indices based on non-normalized order-level read counts ( Fig. S2 , Table  318 S13). The variation in alpha diversity is reflected in the abundance profile in Fig. 2a , where in 319 particular, four Lofoten samples (01, 04, 05, 09) and one Sørøya sample (09) contain higher 320 relative abundances of orders other than Vibrionales. Top-down reduction of linear regression 321 models based on the alpha diversity indices ends up with models containing no significant 322 covariates (Table S8) , indicating that neither location, length or sex have an impact on the 323 within-sample diversity. Similarly, PERMANOVA analysis based on the beta diversity 324 measures Bray-Curtis and Jaccard reveals no statistically significant differences in community 325 structure at the order level between Lofoten and Sørøya (Table 3) . 326
The species-level composition within Vibrionales 327
Overall, 55.3% of the reads are classified to the species level (Table S12 ). Of these, 328
Photobacterium, Aliivibrio and Vibrio species are consistently found in all individuals, and 329 constitute between 39 -94% (mean: 77.3%) of all species-level reads (Fig. 3a) . The Vibrionales 330 community is dominated by P. iliopiscarium (mean relative abundance: 40.3%) and P. kishitanii (MRA: 26.6%) ( Fig. 3b ), while specific samples also have a high relative abundance 332 of A. logei (maximum relative abundance (MRA): 19.4%), P. piscicola (MRA: 38.8%), A. 333 wodanis (MRA: 18.5%), A. fischeri (MRA: 10.1%) and A. salmonicida (MRA: 10.0%). We 334 detect no significant difference in the intestinal Vibrionales species community structure 335 between Lofoten and Sørøya (Table 3) . 336
Metagenomic shotgun sequencing identifies a set of clearly separated, highly abundant 337
Photobacterium, Aliivibrio and Vibrio species in the Atlantic cod intestines (Fig. 3b ). We 338 retrospectively assessed whether 16S rRNA-based taxonomic profiling is able to provide an 339 equally detailed description of the bacterial community by analyzing the 16S V4 sequences of 340 these Vibrionales species (Table S4 , Fig. S3 , File S1). Several of the species share identical V4 341 sequences (Table S5) , and based on 97% sequence identity -the most frequently used parameter 342 in 16S rRNA-based taxonomical analysis-the 14 species group into three operational 343 taxonomic units (OTUs) (Fig. 3b ). In particular, the two most highly abundant Vibrionales 344 species, Photobacterium iliopiscarium and Photobacterium kishitanii, share identical V4 345 sequences together with five other Photobacterium species (Table S5) . 346
Within-Vibrionales levels of Single Nucleotide Variant heterogeneity 347
We assessed the heterogeneity of the reads mapping to each of the 15 most abundant 348
Vibrionales bacterial reference genomes (Table S3 ). These 15 genomes all obtained sufficient 349 coverage across the majority of samples to confidently identify SNVs with a greater than 10-350 fold coverage. Sequence similarity estimations based on the average nucleotide identity (ANI) 351 and mash distance among these 15 genomes reveal a clear separation between the Aliivibrio-, 352
Photobacterium-and Vibrio species ( Fig. S1 , Table S7 ). The Aliivibrio species are more similar 353 to each other than the Photobacterium species, and Vibrio renipiscarium has a higher sequence 354 divergence compared to the other genomes. The overall differences in sequence diversity 355 among the species (Fig. S1 ) are reflected in the results of SNV analysis ( Fig. S4 ), e.g., species 356 from the Aliivibrio cluster all have a lower SNV density than most Photobacterium species. 357
Based on sequence similarity (%ANI) of these genomes, the results of six reference genomes 358 that represent different species clusters are reported here ( Fig. 4 and Fig. S1 ). 359
Overall, the different reference assemblies vary in the mean fold coverage, the density 360 of variable sites within each individual sample and in the total number of SNVs observed in all 361 samples. For instance, almost 5000 SNVs are detected in the P. angustum S14 genome, but the 362 average density within specimens is low (max. 4.7/Kbp). In contrast, P. iliopiscarium yields 363 less SNVs (1299) overall, yet a higher average density (max. 43.4/Kbp). The density of variable sites varies across specimens for several of the reference genomes, reflecting varying levels of 365 heterogeneity in the bacterial populations within specimens. This pattern is particularly strong 366 for P. iliopiscarium, varying from 0.1 to 43.4 variant positions per Kbp per individual specimen 367 ( Fig. 4) . Likewise, the variation analysis of the two Aliivibrio genomes (A. salmonicida and A. 368 sp. 1S128) indicate that sample L_03 consists of a complex mix of Aliivibrio strains. Despite 369 the overall differences in SNV abundance between reference strains, we observe no statistically 370 significant differences (based on Tracy-Widom and Chi-squared statistics) in SNV profiles 371 between Lofoten and Sørøya among any of the 15 Vibrionales strains ( Fig. S5 , Table S14 ). 372
Genome-wide discrepancies between abundant Photobacterium strains and 373 their closest relatives 374
Per individual, 85% of the Photobacterium iliopiscarium genome and 45% of the 375 Photobacterium kishitanii genome are sequenced to a depth of minimum 5-fold coverage, 376 respectively (Table S15 ). Whereas reads aligned to P. iliopiscarium provide near complete 377 coverage of the entire assembly in all individuals, reads aligned to P. kishitanii show consistent 378 lack of alignments in a specific genomic region between 60 and 80 kbp ( Fig. 5 ). This region in 379 the Mediterranean P. kishitanii reference genome (Table S3 ) contains a prophage (Machado 380 and Gram, 2017), and the deletion found here suggests that the North Atlantic population of 381 this species lacks this particular prophage (30 -50 kbp), as well as other host DNA. The 382 difference in observed coverage between the two species translates directly to the number of 383 genes lost; while only seven genes are absent in the Atlantic cod P. iliopiscarium strains, 698 384 genes are absent (with zero coverage) in the Atlantic cod P. kishitanii strains compared to their 385 reference assemblies ( Fig. 5 , Table S16 ). 386
We obtained gene ontology data for 400 of the 698 genes that are absent from the P. 387 kishitanii strain (Table S17, Fig. S6 ). A striking number of sequences encodes membrane or 388 membrane-associated cellular components (GO CC classification: membrane, membrane part, 389 Fig. S6 ). Independent of functional annotation, a blast search indicate that the majority of the 390 698 gene sequence reads matches P. kishitanii (Fig. S6 ), confirming the presence of this species 391 (and not P. phosphoreum ANT-2200, as the reference is classified) in the Atlantic cod 392 intestines. In contrast to P. kishitanii, only seven genes are absent in the Atlantic cod-associated 393 P. iliopiscarium strain compared to its closest relative. Only one of these is successfully 394 annotated, and is assigned a function in "chromosome partitioning". 395
The Photobacterium kishitanii lux operon 396
Photobacterium kishitanii is known to contain the lux operon (i.e. encoding luciferase activity) 397 necessary for bioluminescence. Due to the high relative abundance of this bacterium (or a 398 closely related strain) in the Atlantic cod gut, and the unclear role of such a bioluminescence 399 feature in the intestinal compartment, we investigated the putative loss of the lux operon in the 400 P. kishitanii strain associated with the Atlantic cod intestinal samples. All lux genes (luxC, D, 401 A, B, F, E, G) of the operon are identified in the P. kishitanii strain in Atlantic cod ( Fig. S7 , 402 Table S10 ). Their mean coverage across all samples ranges from 12.5 -21X, and the coverage 403 of each gene per sample correlates with the total number of mapped paired reads per sample 404 (Table S10) . No insertions or deletions are observed in the lux operon gene sequences (File S2). 405
We find between 5 -23 nonsynonymous substitutions in Atlantic cod P. kishitanii lux genes 406 compared to the reference sequence. None of these substitutions results in a stop-codon, and 407 there is no indication that the translation of the complete lux operon is disabled in the P. 408 kishitanii strains in the Atlantic cod intestine. 409 Machado and Gram, 2017). It is most known for containing the lux-rib operon, which is 427 essential for quorum sensing and generating bioluminescence in the light organs in -amongst 428 others-Gadiform deep-water fish (Ast and Dunlap, 2005) . In contrast, P. iliopiscarium is a 429 non-luminous bacterium that has been isolated from the intestines of several cold-water species, 430
including Atlantic cod, yet the ecological distribution of this bacterium is still poorly known 431 (Onarheim and Raa, 1990 The data set generated and analyzed for this study is available in the European Nucleotide 560 Photobacterium, Vibrio and Aliivibrio species (Table S4 ). The full alignment is supplied as a 972
.fasta file in File S1, and the corresponding similarity matrix is shown in Table S5 . For each of the 15 Vibrionales reference genomes, the tables show statistics for PCA of SNV 1092 distribution (Fig. S4, Fig. S5 0.4 p = 0.65 p = 0.52 p = 0.38 p = 0.44 p = 0.37 p = 0.67 p = 0.80 p = 0.78 p = 0.61 p = 0.75 p = 0.71 p = 0.74 p = 0.66 p = 0.47 p = 0.66 
